A liquid chromatographic method with evaporative mass detection (EMD) is described for the determination of paraffins in food contact materials that do not contain polyolefin oligomers, or paraffins migrating from these materials into fatty food simulants or certain simple foods. A normal-phase column operating at maximum column efficiency separates nonparaffinic and paraffinic materials without resolving the latter into individual components, and EMD is used to quantitate the paraffins. An on-line qualitative method that uses liquid chromatography/gas chromatography with flame ionization detection discriminates between paraffin waxes and oils in food contact materials, food simulants, and certain simple foods; a Fourier transform infrared spectrophotometric qualitative method also discriminates between waxes and oils, but is usually restricted to food contact materials that do not contain polyolefins and to migration experiments with organic solvents as fatty food simulants (with some other fatty food simulants, paraffin type must then be identified in the food contact material).
T his paper focuses on the development of methods for the determination of paraffins migrating from food contact material into fatty food simulants in migration studies. Infrared spectrophotometry is generally used for the determination of total hydrocarbons in simple matrixes (1) . For more complex matrixes, use of chromatographic techniques has become widespread in recent years, mainly because their separating capacities allow easy avoidance of matrix effects and reduce interferences. Thin-layer chromatography was gradually replaced by liquid chromatography (LC), which offered advantages such as the ability to handle larger samples, higher resolution, and reliable quantitative detection (2) . Until recently no detector was suitable for quantitation of low hydrocarbon levels in crude, complex hydrocarbon mixtures requiring gradient-elution LC for separation. In the interim, these mixtures were analyzed by gas chromatography (GC; 3, 4).
Some researchers (5, 6) have extensively studied migration of mineral hydrocarbons, using GC with flame ionization detection (FID). Their work has used several different sample treatments for determination of paraffins in all the matrixes of interest (food packaging, foods, and food simulants). Because at the moment proposed migration limits in the European Union (EU) refer only to levels of hydrogenated and conventional hydrocarbons (7) , separation of the migrating hydrocarbons into the different species within each type is unnecessary. It is the overall distribution of a type rather than individual isomers that is of interest; therefore, LC is the method of choice for quantitative analysis. Compared with GC, normal-phase LC (NPLC) presents numerous advantages when applied to the study of hydrocarbons. Because a complex cleanup is unnecessary, the likely sources of error are reduced and absolute recoveries are increased. Appropriate internal standards are not needed to correct for poor recovery and/or instrumental errors due to injection discrimination. Quantitation is more reliable and reproducible, particularly in the case of highly branched paraffins, because detection limits are lower, the baseline does not drift, and only one peak is obtained rather than unresolved backgrounds.
Coupled LC/GC seems to be a promising technique for hydrocarbon identification. Whereas LC is an excellent technique for enriching samples, for preseparation, or for efficient isolation of a single trace compound from a complex matrix, capillary GC requires intensive sample preparation, but offers outstanding separation efficiency, is fast, has excellent detectors (such as FID) in analyses for linear paraffins, and allows easy coupling to mass spectrometers. Analysis of petroleum for hydrocarbon groups, using LC to fractionate the samples (gasolines and diesel fuels) into saturates, unsaturates, aromatics, and polar compounds, and capillary GC-FID for on-line characterization, has proven efficiency (8) . This technique has since been used for group identification of hydrocarbons from other petroleum sources (9) (10) (11) , from a biomass (12) , and from essential oils (13) . More recently, on-line coupled LC/GC methods have been described for determination of hydrocarbons in food contaminated by lubricating oils, release agents, and packaging materials (14, 15) .
In the work reported here, our aim was to develop and test a method for determination of paraffins in food contact materials and fatty food simulants. NPLC with evaporative mass detection (EMD)was selected because it is a rapid, simple technique that does not require extensive sample pretreatment, which is always an important consideration when routine tests are developed for large numbers of samples. Two qualitative methods based on different analytical techniques are proposed for discriminating between paraffin waxes and oils in the different matrixes tested: on-line LC/GC and Fourier transform infrared spectrophotometry (FTIR). Use of one method allows only tentative identification of the paraffin type; if both methods are used, that identification can be considered firm. Identification of the paraffin type will let us identify the source, and therefore the origin, composition, and physicochemical properties of potential hydrocarbon contaminants migrating from packaging to foods. Indeed, the highly varied compositions of these hydrocarbons sometimes even allow identification of a particular product and brand. Paraffin oils are added to plastics as release agents or lubricants; in the latter case, they are sometimes present in considerable amounts such as in polystyrene. In contrast, crystallized paraffin waxes are preferred in some products because they make paper, cardboard, or other coated surfaces look solid and whitish rather than oily. (c) On-line LC/GC system.-An automated Dualchrom 3000 HPLC-HRGC instrument (Fisons, Milan, Italy) equipped with a loop-type interface, an LC autosampler, 2 syringe pumps, and a 6-port valve incorporating a 50 µL injection loop for LC. The instrument was controlled by using the Dualchrom 3000 program (version 1.3) run on an IBM PC. A flame ionization detector was used (the output from which was linked to a Kipp & Zonen Model BD 41 recorder and a Digital VT 340+ computer running ACCESS-CHROM software). GC connections and T-pieces were of press-fit type (Interscience, Breda, The Netherlands).
Experimental

Materials
(d) Infrared spectrophotometer.-A Perkin-Elmer (Norwalk, CT) 1600 Series Fourier-transform infrared spectrophotometer, with a triglycine sulfate detector, linked to an Epson EL 3/33 PC running Infrared Data Manager software for data acquisition and data processing. isocratic elution with n-hexane (5 min at flow rate of 1 mL/min), and then elution with MEK (linear gradient over 1 min, increasing the flow rate to 2 mL/min during this period) until the mobile phase is 100% MEK (5 min at flow rate of 2 mL/min), and then elution with n-hexane (25 min at flow rate of 2 mL/min and 0.5 min at 1 mL/min). (3) Detection.-Evaporative mass detector with nebulizer temperature of 30°C; nebulizer gas, N 2 (8 psi); time constant, 5 s; and photomultiplier sensitivity, 2. A typical chromatogram is shown in Figure 1 .
With this detection system, the effluent from the chromatographic column is converted to a very fine mist by passage through a nebulizer into a stream of nebulizer gas. The fine droplets are then carried through a temperature-controlled drift tube where the volatile mobile phase is vaporized, while very fine particles of solute remain in the nebulizer gas stream. The particles then pass through a light beam. The light that is scattered by these particles is detected and measured by a sensitive photodetector system. The response of the detector is a function of the concentration of solute passing through the detector. n-hexane was used to recondition it: 5 min at a flow rate of 2 mL/min and, finally, at flow rate of 1 mL/min until GC analysis/equilibration was complete. A 1 mL LC fraction was collected over 1 min at 2 min 45 s after the LC injection. Optimized instrumental parameters for the GC system: (1) LC/GC transfer (GC injection).-By concurrent eluant evaporation using a 1 mL loop-type interface and a retention gap-a diphenyltetramethyldisilazane-deactivated precolumn (3 m × 0.53 mm id; Interscience, Breda, The Netherlands, Ref. 260-60371)-followed by a solvent vapor exit. The carrier gas was helium (constant flow rate, 1 mL/min), and the oven temperature was 165°C. During transfer, the interface pressure increased to 300 kPa; after 2 min of solvent evaporation, the pressure dropped and the solvent vapor exit was closed. (2) ); total scan time was 63 s. A background spectrum was recorded, stored, and automatically subtracted from each sample spectrum. The spectrum obtained by Fourier transform is a single-beam spectrum. Therefore, it is necessary to measure background data. The instrument automatically divides the sample measurement data by background data and displays a transmittance spectrum (%T) that can be transformed into an absorbance spectrum (A).
Determination of Paraffins by (NPLC-EMD)
(a) Fatty food simulant selection and paraffin standard characterization.-According to EU legislation, the fatty food simulant used in migration studies should primarily be rectified olive oil. If for technical reasons it is not possible to use this oil, sunflower oil or HB307 (a synthetic mixture of triglycerides) can be used. Because components eluting at ca 3.2 min were detected in all the vegetable oils examined (Figure 1) , and were therefore likely to interfere with paraffin determination, migration tests were performed with organic solvents and HB307 (which contained only a small amount of interfering material).
Experiments were performed to establish whether the components responsible for the interfering peaks in the liquid chromatograms were due to paraffins, and, if so, whether they could be separated by off-line GC. To this end, the fractions of the olive and sunflower oils eluting between 3 and 3.5 min af- ter injection were collected for 3 consecutive runs and concentrated and analyzed by GC. Both oil fractions were confirmed to be paraffinic types: the olive oil fraction had a predominance of highly branched paraffins, whereas the sunflower oil fraction was apparently composed of mainly straight-chain paraffins.
Comparison of the areas of the interfering peaks in the NP liquid chromatograms of the fatty food simulants indicated that their paraffin contents decreased in the order: sunflower oil > corn oil > coconut oil > olive oil > palm oil > soya oil > HB307.
To characterize the paraffin standards, a hexane solution of each one was analyzed by GC, and an acetone solution of each one was analyzed by reversed-phase (RP) LC using a C 18 column. Both gas and RP liquid chromatograms of the paraffin wax showed well-resolved peaks due to individual components (Figure 2) , whereas the chromatograms of the paraffin oils showed "humps" typical of several unresolved components ( Figure 3 ). For the GC experiments, it was necessary to use high-purity hexane (residue analysis grade); use of lower grade hexanes introduced interferences.
(
b) NPLC-EMD determination of paraffins; calibration lines and detection limits for paraffins extracted or migrating into solvents and fatty food simulants.-Experiments with direct injection of paraffin external standard solutions indicated that detector response (electronically integrated peak area)
was linearly related to concentration for all the paraffin wax and oil samples in the range 8-80 ppm (w/v). The optimal detection limits attained for paraffins extracted or migrating into isopropanol, isooctane, 95% (v/v) ethanol, and n-hexane were ca 2 ppm (w/v) for paraffin wax (Produkt 640 E1) and ca 4 ppm (w/v) for paraffin oils. Those limits of detection and the limit of quantitation of 8 ppm (w/v), as experimentally verified, satisfy the ACS criterion (16) . In the case of migration experiments using the fatty simulant HB307, account was taken of its contribution to the paraffin peak, which was estimated from blanks (n = 3) to be equivalent to 8 ppm (w/v). Determination of paraffins by NPLC-EMD was 100% accurate after analysis of migration solutions (only direct injection of solutions or diluted solutions was performed), or after analysis of paraffin extracts [by exhaustive recovery from food contact materials as in section (c), or by using an already validated procedure regarding precision and accuracy for the extraction of paraffin-containing fats, based on the Röse-Gottlieb extraction of fat from dairy products as in sec-
(c) Extraction and determination of paraffins in food contact materials.-About 5 g of each virgin food contact material, and also the packaging of packed foods, was extracted with n-hexane (100 mL; residue analysis grade) in an ultrasonic bath for 1 h (recovery was not higher after 1 h extraction). Appropriate dilutions afforded samples suitable for quantitative analysis by NPLC-EMD. (17), based on the Röse-Gottlieb extraction of fat from dairy products, was followed. Briefly, in the case of the nonfatty syrup, ca 25 g was dissolved in 100 mL 50% aqueous ethanol and extracted with three 50 mL portions of n-hexane. The hexane extracts were combined and concentrated to dryness on a rotary evaporator, and the residue was redissolved in a small volume of n-hexane. This solution was transferred quantitatively to a volumetric flask and diluted to 5 mL with n-hexane. In the case of the fatty dairy foods (cream and yogurt), ca 25 g was mixed with 5 mL concentrated ammonia and 25 mL absolute ethanol. This solution was mixed with 62.5 mL distilled diethyl ether for 1 min, 62.5 mL residue analysis grade n-hexane was added, and the mixture was shaken for another minute. The diethyl ether/hexane layer (top layer) was retained. The ethanolic phase was further extracted for 1 min with 37 mL diethyl ether and then with 37 mL n-hexane. All the diethyl ether/hexane extracts were then combined and concentrated to dryness. For the yogurt, the residue was dissolved in 5 mL n-hexane in a volumetric flask. For the cream, the fatty residue was diluted with an equal volume of n-hexane, and diluted to 20 mL in a volumetric flask. These solutions were used for quantitative analysis by NPLC-EMD.
(e) Migration experiments; determination of paraffins migrating from food contact materials into fatty food simulants.-In these experiments, 1 beaker, 2 spoons divided into small pieces, and 1 beaker lid were each placed in contact with (1) isopropanol, isooctane, and 95% ethanol (80 mL for beakers, 40 mL for spoons, and 20 mL for lids), and (2) fatty simulant HB307 (70 g for the beaker, 40 g for the spoons, and 20 g for the lid), and left at 40°or 70°C for 0.5 and 2 h, respectively. In addition, pouches made from the low-density polyethylene film were filled with ca 60 g HB307, while care was taken to avoid formation of air bubbles; then the pouches were thermally sealed and accurately weighed before they were left at 40°C for 10 days.
At the end of the migration experiments, the solvents were transferred to volumetric flasks (100 mL for beakers, 50 mL for spoons, and 25 mL for lids), and diluted to the flask volume; the HB307 was separated from the packaging material and diluted with n-hexane (to 150 mL for beakers, 100 mL for spoons, and 50 mL for lids) in experiments (2) above, and to 125 mL for the experiments with pouches. The solutions obtained were then quantitatively analyzed by NPLC-EMD, as were the food-simulant blanks.
Discrimination between Paraffin Waxes and Oils
(a) On-line LC/GC experiments.-As suggested by the off-line LC/GC experiments, on-line LC/GC was suitable for discriminating between paraffin waxes and oils. Discrimination relied on the fact that paraffin waxes gave a Gaussian profile of peaks due to paraffinic components, which were detectable at concentrations >0.2 ppm (w/v), whereas paraffin oils gave only "humps," which were detectable at concentrations >8 ppm (w/v).
Note that for migration experiments using HB307 as the fatty food simulant (Figures 2 and 3) , the first 4 intense hydrocarbon peaks appearing in the chromatogram between 20 and 25 min and other weaker peaks are also components of the simulant. Highly concentrated samples (>40 ppm, w/v) had to be diluted to avoid carry-over. For qualitative discrimination between paraffin waxes and oils, the appropriate concentration fell in the middle of the calibration range, 20-40 ppm (w/v), established for quantitation of total paraffins, using the NPLC method.
On-line LC/GC with FID is suitable for discriminating between paraffin waxes and paraffin oils present in, or migrating between, food packaging and food simulants. It is thus suitable for establishing the nature of the contaminating paraffin (oil, wax, or oil/wax mixture) after NPLC has confirmed the presence of paraffins and quantitated them. Polyethylene oligomers in the samples are made evident by their tendency to give double peaks in the gas chromatogram, which are due to the presence of isomeric unsaturated aliphatic hydrocarbons with the same chain length all along the oligomeric distribution.
(b) Infrared spectrophotometry experiments.-There were clear differences between the infrared spectra of paraffin waxes (sharp pairs of C-H rocking/bending bands) and oils (broad, single C-H rocking/bending bands) in the 600-1600 cm -1 wavelength region, specifically at 720 and 1460 cm -1 (Figures 4 and 5 ). Hexane and isooctane proved the best solvents for paraffin extraction and subsequent infrared analysis with carbon tetrachloride, because they were easily removed under a nitrogen stream and left no interfering residue. Generally, FTIR does not offer low detection limits. With a solvent concentration factor of 10 and solution cells of 0.2 mm width, paraffins were identified at levels of 600 ppm (w/v). These detection limits were sufficient for the identification of paraffins in hexane extracts from food contact materials, but not in isooctane migration experiments of those materials. Solution cells of longer pathlength could be used to reach lower detection limits, for example, in migration experiments with isooctane, in which the levels of paraffins to be measured were generally below 150 ppm (w/v). Evaporation of larger solvent volumes (in practice 10 mL isooctane was used) would give more concentrated samples for FTIR analysis. Generally, the levels of paraffins extracted from food packaging were of the order of thousands of ppm (w/v) and were, therefore, easily detected.
Results and Discussion
Determination of Paraffins Based on NPLC-EMD
Because the response of the evaporative mass detector is similar for the different paraffins, all quantitative results are given in terms of just 1 type: the paraffin wax. For the polystyrene beakers, spoons, and lids, the data for the hexane extracts are listed in footnote b of Table 1 , together with the results of the migration experiments, which are shown in the body of Table 1 . For the ether-hexane extracts of apple syrup, cream, and yogurt, and the hexane extracts of their packaging, the corresponding data are shown in Table 2 ; the data for hexane extracts of the polyethylene films together with their migration levels into HB307 are included in Table 3 . Samples containing paraffins at mg/kg levels were measured 3 times, but those containing paraffins at g/kg levels were measured once, because errors were found to be important at the mg/kg level but not at the g/kg level.
For determination of the paraffins migrating from food contact materials, the conditions used were those that afforded results roughly matching those for the migration tests with HB307 (compare results for isopropanol, isooctane, and 95% ethanol with those for HB307 in Table 1 ). For the food utensils (Table 1) , the tendency of paraffinic material to migrate increased in the order beakers < spoons < lids (subdividing the spoons caused the levels of paraffins migrating from them to increase somewhat), and thus seemed to be related to the paraffin content of the utensil (see footnote b in Table 1 ). For the foods and packaging (Table 2) , however, the syrup had the highest content of paraffinic material, whereas its wax-coated carton had the lowest. The explanation for this result may be that the syrup carton (which may have been hot-filled) was in contact with its contents for a longer period and at a higher temperature than were the cream and yogurt containers with their contents. The higher fat content of the cream compared with that of the yogurt (30 vs 3%) may explain the greater migration of paraffins into the former because both dairy products are oil-in-water emulsions. For the polyethylene films (Table 3) , migration levels of paraffins plus polyethylene oligomers into HB307 are in good agreement with their content in the film.
NPLC-EMD does not separate individual paraffin components or discriminate between paraffin waxes and oils. Unlike GC (and RPLC), NPLC-EMD gives a sharp, well-resolved peak, and thus permits reliable determination of total paraffins with detection limits of about 2-4 ppm (w/v) in the organic solvents and of about 8 ppm (w/v) in HB307. No recovery controls are necessary when fatty food simulants are used because they are either injected directly or previously diluted with hexane (HB307). 
Identification of Paraffins Based on LC/GC and FTIR
On-line LC/GC and FTIR analysis of the paraffins migrating and extracted from the spoons and lids showed them to be paraffin oils. In contrast, for the apple syrup, cream, and yogurt, on-line LC/GC indicated the migrating paraffins were mixtures of both paraffin waxes and oils. FTIR results confirmed this result; however, because of the complexity of these samples, FTIR analysis of the isooctane extracts of the food packaging materials rather than the foods was used to establish the nature of the migrating paraffins. An alternative could be separation of the paraffin fraction of the foods by NPLC, collection, evaporation of n-hexane (or isooctane, if used as a substitute for hexane as the mobile phase), and redissolution with carbon tetrachloride in a small volume before analysis by FTIR.
For the experiments with polyethylene pouches, the migrating material and the paraffinic components of the packaging were shown by on-line LC/GC to be paraffin oils and polyethylene oligomers. Identification of the polyethylene oligomers was simplified because of their tendency to give double peaks in the gas chromatogram; the chromatographic behavior of these oligomers (well-resolved peaks with shoulders) was very similar to that of the paraffin wax (well-resolved peaks). We could not distinguish between paraffin waxes and polyethylene oligomers by FTIR because we did not have polyethylene oligomer pure standards for the comparison.
Conclusions
We propose NPLC-EMD for determination of paraffin waxes and oils at levels >8 ppm (w/v) in matrixes such as fatty food simulants, certain foods, and food packaging materials that do not contain polyolefin oligomers. We propose on-line LC/GC with FID, and/or FTIR analysis, for confirmation of the presence of contaminating paraffins and identification of their type.
